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Thermally sprayed dielectric ceramic
coatings are the primary means of at-
taching strain and temperature gauges
to hot-section rotating parts of turbine
engines. As hot-section temperatures in-
crease, lifetimes of installed gauges de-
crease, and seldom exceed one hour
above 2,000 °F (≈1,100 °C). Advanced
engine components are expected to op-
erate at temperatures approaching
2,200 °F (≈1,200 °C), and the required
high-temperature lifetime is 10 hours
minimum.
Typically, to enable a ceramic coating
to adhere to the smooth surface of an
engine component, a thermally sprayed
NiCrAlY or NiCoCrAlY bond coat is ap-
plied to the smooth surface, thereby
providing a textured surface to which
the ceramic coat can adhere. The main
failure mechanism of this system is deco-
hesion and/or delamination at the in-
terface between the ceramic top coat
and the bond coat, caused by oxidation
of the bond coat and stresses from the
mismatch between the coefficients of
thermal expansion of the ceramic top
coat and the metallic bond coat.
The approach taken to increase the
high-temperature lifetime of a gauge at-
tached to an engine component by the
method described above involves (1) se-
lective oxidation of the bond coat by
means of a heat treatment in reduced
oxygen partial pressure followed by (2)
the application of a noble-metal diffu-
sion barrier. In experiments to test this
approach, heat treatments of NiCoCrAlY
bond coats were carried out in a tube
furnace in which, in each case, the tem-
perature was alternately (1) increased at
a rate of 3 °C per minute and (2) held
steady for one hour until the desired
temperature was reached. The tube fur-
nace was continuously purged with dry
nitrogen gas. A final heat-treatment tem-
perature range of 1,600 to 1,800 °F (871
to 982 °C) proved most beneficial.
Test coupons were made to enable
evaluation of the cycle lives of various
bond coats, including some made from
the commercially available coating mate-
rials Praxair 171 (an NiCoCrAlY formu-
lation) and Praxair 343 (an NiCrAlY for-
mulation). Each test coupon included a
base-metal coupon of Inconel™ 718
nickel alloy. One of the bond-coating
materials to be tested was thermally
sprayed on the metal, the coupon was
subjected to the aforementioned heat
treatment at reduced oxygen partial
pressure, then a ceramic dielectric top-
coat was thermally sprayed onto the
bond coat. To provide a basis of compar-
ison for evaluation of the relative merits
of the various surface treatments and
heat treatments, some of the NiCoCrAlY
and NiCrAlY bond coats were incorpo-
rated into the coupons in the as-sprayed
condition: that is, the affected coupons
were not subjected to the heat treatment
at reduced oxygen partial pressure.
Each coupon was mounted on an In-
conel™ 718 nickel-alloy fixture and
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Figure 1. A Test Fixture is depicted here during removal from a horizontal tube furnace maintained at
a temperature of 1,100 °C. A coupon is fastened to the fixture with platinum wire.
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Figure 2. These Scanning Electron Micrographs of cross sections of representative coupons illustrate three different conditions described in the text.
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placed in the tube furnace, wherein it
was heated to 1,150 °C and held at this
temperature for one hour. The test fix-
ture was then retracted from the furnace
(see Figure 1) and allowed to cool to 150
°C. The cooling process took approxi-
mately 5 to 6 minutes. Upon reaching
150 °C, the test fixture with the coupon
was placed back in the furnace and re-
heated to 1,150 °C. The entire heating-
and-cooling sequence was considered
one cycle, and the lifetimes of the
coupons were assessed on the basis of
the numbers of cycles to failure.
The heat treatment of the NiCoCrAlY
bond coats at reduced oxygen partial
pressure yielded a significant increase in
lifetimes: Coupons heat-treated to 1,750
°F (954 °C) at reduced oxygen partial
pressure exhibited more than double
the cycle lives of those containing as-
sprayed NiCoCrAlY. This considerable
increase in life can be attributed to the
fact that selective oxidation of the alu-
minum and chromium in the bond coat
yielded a graded interface. The heat
treatment of the NiCrAlY bond coats
yielded little or no increase in lifetimes.
The failure mechanisms of the
coupons containing NiCoCrAlY bond
coats differed from those of the coupons
containing the NiCrAlY bond coats: The
NiCoCrAlY-bond-coated specimens
failed by decohesion and/or delamina-
tion at the interfaces between the top
and bond coats. The NiCrAlY-bond-
coated specimens underwent cohesive
failure within the bond coats. Evidence
of failure by these mechanisms can be
seen in the left and the middle part, re-
spectively, of Figure 2.
In an effort to reduce the extent of in-
ternal oxidation in the bond coats, plat-
inum and rhodium coats were employed
as diffusion barriers. Initially, as-sprayed
NiCoCrAlY-bond-coated coupons were
coated with platinum to a thickness of 2
µm by physical vapor deposition (PVD).
An example of a platinum diffusion bar-
rier can be seen in the right part of Fig-
ure 2. The platinum-coated Inconel
coupons were heat-treated to 1,800 °F
(982 °C), then magnesium aluminate
spinel top coats were thermally sprayed
over the platinum coats. Rhodium diffu-
sion barriers were applied to the sur-
faces of NiCoCrAlY-bond-coated
coupons by pen electroplating. (Pen
electroplating was investigated as a
means of forming diffusion barriers be-
cause it is easy to perform and does not
entail costly capital investment.)
The rhodium diffusion barriers
yielded only a marginal increase in the
lives of NiCoCrAlY-bond-coated
coupons. However, platinum diffusion
barriers applied by PVD in conjunction
with reduced-oxygen-partial-pressure
heat treatment yielded substantial in-
creases in lifetimes. The platinum films
were thick enough to constitute oxygen-
diffusions barriers that slowed the
growth of internal oxides by promoting
the formation of alumina-rich scale at
the interfaces between the top and bond
coats. The best results achieved to date
were realized by use of sputtered plat-
inum diffusion barriers in conjunction
with heat treatments to 1,800 °F (982
°C) at reduced oxygen partial pressures.
This combination yielded a four-fold in-
crease in the fatigue lives of NiCoCrAlY-
bond-coated coupons. 
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In experiments conducted as part of a
continuing effort to incorporate multi-
functionality into advanced composite
materials, blends of multi-walled carbon
nanotubes and a resin denoted “PETI-
330” (wherein “PETI” is an abbreviation
for “phenylethynyl-terminated imide”)
were prepared, characterized, and fabri-
cated into moldings. PETI-330 was se-
lected as the matrix resin in these exper-
iments because of its low melt viscosity
(<10 poise at a temperature of 280 °C),
excellent melt stability (lifetime >2
hours at 280 °C), and high temperature
performance (>1,000 hours at 288 °C).
The multi-walled carbon nanotubes
(MWCNTs), obtained from the Univer-
sity of Kentucky, were selected because
of their electrical and thermal conduc-
tivity and their small diameters. The pur-
pose of these experiments was to deter-
mine the combination of thermal,
electrical, and mechanical properties
achievable while still maintaining melt
processability.
The PETI-330/MWCNT mixtures
were prepared at concentrations rang-
ing from 3 to 25 weight-percent of MW-
CNTs by dry mixing of the constituents
in a ball mill using zirconia beads. The
resulting powders were characterized for
degree of mixing and thermal and rheo-
logical properties. The neat resin was
found to have melt viscosity between 5
and 10 poise. At 280 °C and a fixed
strain rate, the viscosity was found to in-
crease with time. At this temperature,
the phenylethynyl groups do not readily
react and so no significant curing of the
resin occurred. For MWCNT-filled sam-
ples, melt viscosity was reasonably steady
at 280 °C and was greater in samples
containing greater proportions of MWC-
NTs. The melt viscosity for 20 weight-
percent of MWCNTs was found to be
≈28,000 poise, which is lower than the
initial estimated allowable maximum
value of 60,000 poise for injection mold-
ing. Hence, MWCNT loadings of as
much as 20 percent were deemed to be
suitable compositions for scale-up.
High-resolution scanning electron mi-
croscopy (HRSEM) showed the MWC-
NTs to be well dispersed in the polymer
matrices, while high-resolution transmis-
sion electron microscopy shows splits in
the walls of the MWCNTs but no cata-
strophic breakage of tubes. To further
assess processing characteristics prior to
scale-up, samples containing 10, 15, and
20 weight-percent of MWCNTs were
processed through a laboratory melting
extruder. HRSEM of the extruded fibers
shows significant alignment of MWCNTs
in the flow direction (see figure). For
the samples containing 20 weight-per-
cent of MWCNTs, difficulties were en-
countered during feeding, and the tem-
perature of a rotor in the extruder rose
to 245 °C because of buildup of fric-
tional heat; this indicates that materials
of this type having MWCNT concentra-
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